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ABSTRACT  The effects of TslV-5, a  toxin isolated from the Brazilian scorpion 
TiOrus serrulatus, on whole-cell and single-channel Na currents were determined in 
N 18  neuroblastoma cells.  In whole-cell records at a  test potential of -10  mV, 
external application of 500 nM TsIV-5 slowed inactivation 20-fold and increased 
peak current by about one-third without changing time-to-peak. Both the steady- 
state activation and inactivation curves were shifted to more negative potentials. 
Other a  scorpion toxins produce similar effects but the single-channel mechanism 
is  not known.  TslV-5 caused a  voltage-dependent prolongation of mean single- 
channel  open  time  such  that  at  a  test  potential  of  -60  mV  no  change  was 
observed, whereas at -  20 mV mean open time increased about threefold and pro- 
longed bursting was observed. Macroscopic current reconstructed from summed 
single-channel records showed a characteristic toxin-induced potentiation of peak 
current and a  20-fold slowing of the decay phase. TsIV-5 does not discriminate 
between tissue-specific  Na channel subtypes. Prolonged open times and bursting 
were also observed in toxin-treated Na channels from rat ventricular myocytes, rat 
cortical neurons,  and mouse skeletal  muscle.  The toxin effects are shown to be 
consistent with a kinetic model in which TslV-5 selectively interferes with the abil- 
ity of the channel to reach the inactivated state. 
INTRODUCTION 
Na channels, which generate the nerve impulse, are the sites of action of small poly- 
peptide neurotoxins isolated from scorpion venom. These toxins have proven useful 
as probes of Na channel structure and function (recently reviewed by Strichartz et 
al.,  1987). The venom of the Brazilian scorpion Tityus serrulatus contains several Na 
channel toxins including Ts-3~ and TsIV-5, which can be distinguished on the basis 
of their NH~-terminal amino acid sequences (Possani et al.,  1985).  TsIV-5 may be 
identical to Tityustoxin, which was isolated, but not sequenced, by Gomez and Diniz 
(1966), and was later shown to potentiate Na influx in rat brain synaptosomes (Bar- 
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hanin  et  al.,  1982)  and  rat  heart  (Renaud  et  al.,  1986).  The  electrophysiological 
effects of Ts-~, on Na channels have been characterized by previous work from our 
laboratory (Yatani et al.,  1988)  and others (Vijverberg et al.,  1984).  In the present 
paper we describe the mechanism of action of TsIV-5 which is markedly different 
from that of Ts-3'. 
Scorpion toxins have been divided into a  and/3 classes depending on their mode 
of action and ability to participate in competitive binding interactions (Couraud et 
al.,  1982;  Wheeler  et  al.,  1983).  0t  toxins  have been  isolated  from the  venom of 
North  African  and  Middle  Eastern  scorpions,  whereas  /3' toxins  come  from  the 
venom of North  and  South  American scorpions.  Both  toxins  modify Na channel 
gating; a  toxins interfere with the ability of channels to inactivate upon prolonged 
depolarization, whereas 13 toxins shift the threshold for channel activation to more 
negative  potentials  and  interfere  with  channel  closing  upon  repolarization.  The 
identification  of toxin  effects with  specific  modifications  of Na channel  gating  is 
based on measurement of macroscopic Na conductance, the interpretation of which 
has undergone recent revision based in part on the study of currents recorded from 
single Na channels (Aldrich et al.,  1983; Vandenberg and Horn,  1984).  In particu- 
lar, the inactivation phase of macroscopic Na current has been shown at the single- 
channel level to contain an important contribution from delayed activation of chan- 
nels (Aldrich et al.,  1983). Thus, the distinction between activation and inactivation 
has  become blurred  at  the  single-channel  level,  hence  the  identification  of toxin 
sites of action with either the activation or inactivation gates needs  to be reexam- 
ined. In the present study we report the effects of TsIV-5 on both macroscopic and 
single-channel Na currents in mammalian cells. TsIV-5 drastically slows the inactiva- 
tion, in a manner similar to that of ~ toxins. At the single-channel level TsIV-5 pro- 
longs the dwell time of channels in the open state by preventing open channels from 
closing and by facilitating the reopening of closed channels. These effects are shown 
to be consistent with a  kinetic model in which TsIV-5 interferes with the ability of 
the channel to reach the inactivated state. 
METHODS 
Solutions and Drugs 
TsIV-5 was purified as described previously (Possani et al., 1981). Briefly, venom solution was 
fractionated by gel filtration on Sephadex G-50 followed by ion exchange chromatography in 
two stages.  First,  fraction IV from the Sephadex column was applied to a carboxymethyl- 
cellulose  column equilibrated with 20 mM ammonium acetate buffer at pH 4.7, and eluted 
with a salt gradient from 0 to 0.55 M NaC1. In the second step, fraction IV-5 was dialyzed and 
rechromatographed in a column equilibrated with 50 mM sodium phosphate buffer at pH 
6.0, the major component of which was toxin TsIV-5. Homogeneity of the toxin was verified 
by polyacrylamide gel electrophoresis and NH~-terminal amino acid sequencing. A stock solu- 
tion of toxin in distilled water was stored at -20~  and diluted 25-100-fold in experimental 
solutions.  External  solution  (bath)  for whole-cell  recording  contained  (in  millimolar):  34 
NaC1,  910  N-methyl-D-glucamine  (NMDG),  5.4  KCI,  1.3  CaCI~, 1.0  MgCl~, 5  glucose,  5 
HEPES, pH 7.4.  Internal (pipette) solution for whole-cell  recording contained (in millimo- 
lar): 110 NMDG, 160 HEPES, 10 CsF, 20 EGTA, pH 7.4. External solution (bath) for single- 
channel  recording contained  (in  millimolar):  137  sodium methanesulfonate,  5.4  KCi,  1.0 K1RSCH ET AL.  Scorpion  Toxin Effects on Na Channels  69 
MgCI~, 2.0 CaCI~, 10 glucose, 10 HEPES, pH 7.4. Internal (pipette) solution for single-chan- 
nel recording contained (in millimolar): 120 CsF, 11  EGTA, 2 McCI2, 10 HEPES, pH 7.4. 
Cell Culture 
Neuroblastoma N18 cells were plated on poly-~lysine-coated glass cover slips in a medium 
consisting of 5% fetal calf serum and 95%  Dulbecco's modified Eagle's medium (DMEM-5 
FCS), and grown to a density of 2  x  104 cells/ml. Serum-containing medium was removed 
and replaced with DMEM supplemented with 1 mM dihutyryl cyclic AMP. After 2 d, isolated 
round cells (diameter, ~20 urn), were selected for electrophysiological recording. 
Primary heart cell cultures were prepared from neonatal rats (1-3 d old) as described pre- 
viously (Yatani et al., 1988).  Briefly, ventricular pieces were incubated at 37~  for 5 min in 
Ca-free  Hank's  solution containing 0.5%  typsin (T-0134;  Sigma Chemical Co.,  St.  Louis, 
MO). Supernatant was removed and the pelleted cells were added to DMEM-10 FCS. Resus- 
pended cells were seeded on glass coverslips and incubated at 37~  in 5% CO~-95% O~ atmo- 
sphere. Recording was performed 1-2 d after seeding. 
Neuronal cell cultures were prepared from neonatal rat brain cortex and dissociated into 
single cells by passing tissue suspensions through 0.04-mm nylon mesh filter. Cells were pel- 
leted from the filtrate, resuspended, and plated on glass coverslips. After a 24-h incubation at 
37~  in DMEM-10 FCS, the cells were placed in a serum-free defined medium, selective for 
neuronal growth (DMEM supplemented with insulin, transferrin, progesterone, putrescine, 
and sodium selenite). Recording was performed 7-14 d after seeding. 
Mouse skeletal muscle-derived (C2) cells were seeded on poly-D-lysine-coated  coverslips in 
a  growth medium consisting of Ham's F12 nutrient medium supplemented with 20%  FCS, 
and grown to a density of 2.5 x  104 cells/ml. After 2 d, FCS-containing medium was replaced 
with DMEM supplemented with 2% horse serum to induce differentiation. After 7 d  in cul- 
ture, striated myotubes were selected for electrophysiological recording. 
Electrophysiological  Recording 
Patch-clamp recording was performed using techniques described previously (Harnill et al., 
1981;  Lux and  Brown,  1984).  Whole-cell Na currents were recorded using micropipettes 
(Coming/052 glass; Coming Glass Works, Coming, NY) fire-polished to a resistance 0.6-1.0 
Mf~ when filled with internal solution. Membrane currents evoked by 15-ms test pulses from a 
holding potential of -80  mV were measured using an  EPC-7  (List Co., Darmstadt, FRG) 
amplifier. The records were filtered at 3.15 kHz (-3  dB), digitized with 12-bit resolution at 
25 kHz, and stored on magnetic disk under computer control (LSI 11/23; Digital Equipment 
Co.,  Marlboro,  MA). Test  pulses were  preceded by  100-ms  hyperpolarizing prepulses  to 
remove resting inactivation. Linear capacitative and leakage currents were corrected off-line 
by the subtraction of scaled currents evoked by hyperpolarizing pulses. The effect of series 
resistance was partially compensated electronically (Hodgkin and Huxley, 1952). External Na 
was decreased to 34 mM to improve voltage control and to diminish the effect of residual 
uncompensated series resistance. Whole-cell recording was performed at room temperature, 
22-23~ 
Single-channel Na currents were recorded from outside-out membrane patches using Syl- 
gard-coated  micropipettes  (Coming  7052  glass)  fire-polished to  resistance  of 8-15  MfL 
External solution consisted of low-chloride Tyrodes solution that  provided lower baseline 
noise than  normal Tyrodes. The  pipette-filling solution consisted primarily of CsF, which 
increased Na channel longevity in excised patches. Experiments were performed at 10~  to 
improve the resolution of the measurement of channel kinetics. 
Single-channel records evoked by 140-ms depolarizing pulses were obtained using an A.xo- 70  THE JOURNAL OF GENERAL PHYSIOLOGY ￿9 VOLUME 93 ￿9 1989 
patch (Axon Instruments, Inc., Burlingame, CA) amplifier and stored on videocassette tape at 
a bandwidth of 16 kHz. The data were digitized off-line under computer control with 12-bit 
resolution at a sample rate 10 kHz after low-pass filtering at 3.15 kHz (-3 dB) using a four- 
pole Bessel filter (Ithaco,  Inc.,  Ithaca,  NY).  Digitized records were corrected off-line for 
linear leakage and capacitative currents by subtracting the average of null traces that con- 
tained no openings, then digitally filtering them using a zero-phase four-pole low-pass Bessel 
filter at  1.4  kHz before level detection. Transitions between closed and open levels were 
determined using a threshold detection program in which opening threshold was set at half- 
maximum amplitude of single-unit opening. Computer-detected openings were confirmed by 
visual observation and used to generate idealized records from which histograms of ampli- 
tude, waiting, closed, and open time distributions were constructed. Amplitude histograms 
were fit by Gaussian functions using a X  ~ nonlinear regression routine. Single units of <0.4- 
ms duration were excluded from amplitude histograms to avoid the truncation error intro- 
duced by the limited frequency response of the recording system. Waiting time distributions 
were obtained by determining the latency between the beginning of each test pulse and the 
first channel event detected in the record. The distributions were corrected for the number 
of channels in the patch (estimated from channel overlap at potentials -  20 to -  10 mV) by 
the method of Paflak and Horn (1982).  Open-time histograms were constructed from data 
sets  in  which  events  consisting of  overlapping  multiple  single  units  were  systematically 
excluded. Prepulse potentials were adjusted to ensure that the fraction of such events was 
< 15% of the total at a given test potential to minimize the bias introduced by excluding over- 
laps. Openings of <0.4-ms duration were excluded from curve fitting to avoid errors arising 
from recording limitations. The sum of idealized records at a given test potential were used to 
reconstruct macroscopic currents and to determine the probability of opening. Mean open 
times, closed times, waiting times, and macroscopic current decay time constants were calcu- 
lated by fitting the data to the sum of exponential decay functions using a maximum likeli- 
hood estimate. The accuracy of fitting biexponential models in preference to monoexponen- 
tial ones was evaluated by a ratio of variance test (F test, P  = 0.05). Where appropriate, data 
are expressed as mean +_ SE. Significance of differences between means was evaluated using a 
two-tailed Student's t test (P = 0.05). 
RESULTS 
Whole-CeU Currents 
External application of 5  ￿  10 -7 M  TsIV-5  to NI8  cells in the whole-cell voltage- 
clamp mode resulted in a  marked prolongation of the decay phase of macroscopic 
Na current and a modest increase in peak current as shown in Fig. 1. The superim- 
posed smooth curves show exponential fits to the decay of Na current. The control 
curve was fit by a  single exponential with a  time constant of 0.43  ms, whereas two 
time constants,  1.6 and 12.2 ms, were required after toxin treatment. No change in 
the rising phase of the current is apparent at this potential. The onset of the effect 
required  t0-20  rain  to  reach  steady state.  In  the  traditional view  of Na channel 
gating, the toxin appears to interfere selectively with inactivation without affecting 
activation. Assuming an overlap between the time course of activation and inactiva- 
tion, the increase in peak current can be explained by the delayed onset of inactiva- 
tion. In other experiments (not shown) the toxin was found to be specific for the Na 
channel;  no  effects  were  seen  under  ionic  conditions  that  isolate  the  potassium- 
selective components of the total membrane conductance. KIRSC~ E'r At..  Scorpion  Toxin Effecta on Na Channeh  71 
1 ms 
FIGURE 1.  Whole-cell  Na cur- 
rents before and 20 min after 
application  of  5  x  10 -7  M 
TsIV-5.  Test  pulse  potential, 
-  10  mV;  prepulse  potential, 
-  100 mV; and holding poten- 
tial,  -80  mV.  Digitized  data 
superimposed  on  smooth 
curves  fit  with  exponential 
decay  functions  with  the  fol- 
lowing parameters. Control time constant, 0.43 ms; toxin time constants (and weighting fac- 
tors), 1.6 ms (0.3) and 12.2 ms (0.7). Temperature was 22.3~ 
Potentiation of peak Na conductance was variable but in no case were the toxin- 
modified currents smaller than in control. This variability may arise from a tendency 
of toxin-bound channels to pass into an inactive state at the holding potential. With- 
drawal  of  these  channels  from  the  activatable  pool  partially  offsets  the  toxin- 
induced  potentiation of peak current.  An experiment that illustrates  this effect is 
shown in Fig. 2. Cells were maintained for 3 min at various holding potentials and 
the amount of activatable current was assessed from the peak currents evoked by 
test pulses to -  10 mV. Each test pulse was preceded by a  100-ms prepulse to -  120 
mV to reset fast components of inactivation.  In the absence of toxin no change in 
peak currents was observed in this range of holding potentials, but in the presence 
of toxin  (Fig.  2) a  shift in holding potential from -120  to  -80  mV resulted in a 
50% decrease in peak current.  The waveform of the test pulse currents,  however, 
was virtually identical regardless of the holding potential, indicating that toxin bind- 
ing to the channel is insensitive to holding potential in this range. 
The effects of toxin on the peak current-voltage relationship is shown in Fig.  3, 
the main features being the marked toxin-induced increase in peak conductance in 
the test potential range -50  to 20 mV (Fig. 3 C), and the large increase in residual 
current that failed to inactivate by the end of the test pulse. 
TsIV-5 altered the voltage-dependence of both the steady-state and kinetic prop- 
erties of Na inactivation as shown in Fig. 4. Steady-state inactivation was determined 
by a conventional two-pulse protocol in which a  100-ms prepulse to various condi- 
tioning potentials was immediately followed by a brief test pulse to a fixed potential. 
The prepulse allowed inactivation to reach a steady state and the test pulse served to 
2  ms 
FIGURE 2.  Effect  of  holding 
potential on toxin-modified Na 
current.  Cell was held at  -80 
mV and equilibrated in TsIV-5 
(5x 10 -7  M)  for  20  min. 
Holding potential was reset to 
each of the levels indicated for 
a period of 3 min. Na currents 
were evoked by test pulses to 
-10 mV (prepulse, -120 mV, 
100 ms). 72  THE  JOURNAL OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  93 ￿9 1989 
assess the fraction of current that failed to inactivate during the prepulse. The ratio 
of peak test pulse current  to maximum current,  plotted as a  function of prepulse 
potential  (Fig 4  A), yields the  steady-state voltage dependence  of fast inactivation 
(Hodgkin and Huxley,  1952).  TsIV-5 shifted the  inactivation curve --3  mV and 
altered its shape such that a foot was observed at potentials more positive than -50 
inV.  The foot arises from prepulse  Na currents  that do not inactivate during the 
100-ms  pulse duration. At prepulse potentials below activation threshold, however, 
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FIGURE 3.  Current-voltage relationship before and after equilibration of 5 x  10 -7 M TslV- 
5. Test potentials ranged from -60 to  +80  mV in 10-mV increments; for clarity only the 
records  -60  to  -10  are shown in A and B.  Holding potential was  -80 mV.  In C, peak 
currents before (open circles) and after (filled circles) toxin treatment, are plotted as a func- 
tion of test potential. 
toxin-modified channels show significant inactivation, which suggests that the path- 
way from resting to inactivated states remains available even in the toxin-modified 
channels. Thus, a plausible explanation of TsIV-5 action is that the toxin interferes 
mainly  with  the  transition  from  open-to-inactivated  states  without  affecting  the 
closed-to-open transition.  Considerable insight into the nature of the toxin-induced 
modification of channel  gating can be gained from examining single-channel  cur- 
rents as shown in the next section. 
Single-Channel Currents 
Single-channel records were obtained from eight membrane patches under control 
conditions and five patches treated with 2  ￿  10 -6 M TsIV-5. Patches were allowed 
to equilibrate with toxin for at least 10 min before starting data collection. To con- 
serve our supply of toxin only two patches were examined both before and after 
toxin  application,  and  the  results  from one  of the  latter were analyzed in  detail. 
Three other  patches  were  obtained  from cells  that had already equilibrated  with 
toxin; these results appear in the pooled data (e.g.,  Fig.  7 A) and in Fig.  9.  Unlike KIP.SCH ET AL.  Scorpion  Toxin Effeas on Na Channels  73 
the whole-cell records that were obtained at room temperature, the single-channel 
data were taken at 9-1 I~  to improve the resolution of gating kinetics. 
Fig. 5 shows typical single-channel records obtained under normal (Fig.  5, A and 
C) conditions and in the presence of TsIV-5 (Fig.  5, B and D).  In control records 
single-channel openings are clustered at the beginning of the test step correspond- 
ing to the transient nature of membrane Na conductance. In this patch four chan- 
nels were present based on the maximum observed number of overlapping unitary 
events. At -50 mV (Fig.  5 C), channels generally opened only once and these events 
had longer first latencies (delay between the onset of the test step, arrow in Fig. 5, 
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FIGURE 4.  Voltage  dependence  of 
inactivation before (open circles) and 
after (filled circles) TsIV-5 treatment 
(5 x  10 -7  M).  Steady-state  inactiva- 
tion (A) was measured using a  two- 
pulse  protocol  in  which  a  100-ms 
prepulse  to  various  conditioning 
potentials  immediately  preceded  a 
15-ms test  pulse  to 0 mV. The pre- 
pulse  allowed inactivation  to reach a 
steady state and the test pulse served 
to assess the fraction of current that 
failed  to  inactivate  during the  pre- 
pulse.  The  ratio  of peak  test  pulse 
current  to  maximum  current  (pre- 
pulse,  -  120 mV) is plotted as a func- 
tion of prepulse potential.  The time 
course  of Na  current  decay  (B)  is 
plotted semilogarithmically as a func- 
tion  of  test  potential.  Data  from 
three cells are pooled and error bars 
omitted where smaller than symbols. 
Decay time  is  the weighted  average 
of the time constants obtained by fit- 
ting a biexponential  function to the 
decay phase  of the currents.  Fitting 
was performed by a nonlinear least- 
squares  algorithm. 
and the first opening in each trace), compared with openings evoked by test steps to 
-20  mV (Fig.  5 A). This results in a  slower time course of activation at  -50  mV, 
compared with -  20 mV. However, at both potentials channels passed into the inac- 
tivated state within 90 ms of pulse onset. Not shown are null traces in which chan- 
nels presumably passed directly from closed to inactivated states. Strikingly different 
kinetic  features were observed after toxin application.  Modified channels opened 
repetitively and the dwell time of each opening was longer on average than normal. 
Furthermore, at test potentials near activation threshold (Fig.  5 D), longer than nor- 
mal first latencies were occasionally observed. The toxin did not alter single-channel 
conductance (9.2 _+ 0.13 and 9.6 -+ 0.40 pS, respectively, in control and toxin). 74  THE JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  93  ￿9 1989 
The effects of TslV-5 on channel dwell time in the open state were quantified by 
constructing open-time histograms as shown in Fig. 6. Before toxin application the 
open-time histogram was  accurately described  by a  monoexponential decay with 
time constants of 1.1  and  1.8 ms, respectively, at test potentials of -20  and  -50 
mV. At  -20  mV in the presence of toxin (Fig.  6 B) the open-time histogram was 
more accurately described by the sum of two exponential  functions (rl  =  1.0  ms, 
~'~ =  6.6 ms), which suggests that either the channel population contains both modi- 
fied and unmodified channels or that the toxin-modified channels have two open 
states.  Since  unmodified channels  inactivate  within  20  ms,  we  constructed histo- 
grams  of openings  that  occurred after  20  ms.  Such histograms  (not  shown) also 
A.  Control, -20 mV  B. Toxin,  -20 mV 
C. Control,  -50 mV  D.  Toxin, -50  mV 
20 ms 
FIGURE 5.  Single Na channel 
currents  in  an  outside-out 
patch from membrane of N 18 
cell in the presence (B and D) 
and  absence  (A  and  C)  of 
TslV-5  (2 x  10 -6  M).  Each 
panel shows records evoked by 
140-ms  test  pulses  (onset 
marked by arrow)  to  -20  (A 
and B) and - 50 (C and D) mV, 
from  a  holding  potential  of 
-90 inV. Each  test  pulse  was 
preceded by a 100-ms prepulse 
to -  120 mV to remove resting 
inactivation.  End of trace coin- 
cides  with  end  of test  pulse. 
Pulses  were  delivered  at  0.6 
Hz.  Channel  openings  are 
indicated  by downward  deflec- 
tions.  Records were  filtered  at 
3.15  kHz (-3 dB), digitized at  100 kHz and digitally filtered  at  1.4 kHz.  Capacitance  and 
leakage currents were minimized by using Sylgard-coated electrodes and electronic compen- 
sation.  Final correction was made by digital subtraction of traces containing no activity. Null 
traces  represented  25,  12,  46,  and  43%  of the  total  recorded in  the  patch represented, 
respectively, by A, B, C, and D. Temperature was 10.4"C. 
required a  biexponential distribution  to accurately fit the data (time constants  1.9 
and  10.5  ms)  which  suggests  that  the  toxin-modified  channels  have  both  long 
(accounting for 37% of the area of the open-time histogram) and short-lived open 
states (63%). 
At  a  test  potential  of  -  50  mV  (Fig  6,  C  and  D)  the  open-time  histograms 
obtained  before  and  after  toxin  application  were  nearly  indistinguishable.  Both 
could be accurately fit by monophasic decays with time constants of 1.8 and 2.3 ms, 
respectively, in control and  toxin.  Thus,  the  toxin-induced prolongation of mean 
open time appears to depend on test potential. Clearly, at -  50 mV the gating mech- 
anism that closes the channel is less susceptible to toxin modification than at  -20 
mV. As shown later, this may be due to selective modification of the open-to-inacti- 
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Pooled open-time data from all patches over a  range of test potentials  (Fig.  7) 
were obtained by calculating the arithmetic mean at each potential and combining 
the averages from different patches. In control patches mean open time was <2 ms 
independent  of test  potential,  whereas  in  toxin-treated  patches  mean  open  time 
increased from control levels at -60  mV to roughly three times control at -20  inV. 
As shown in Fig 7 B, this increase in open dme by itself does not entirely explain the 
prolonged decay of macroscopic currents.  In the reconstructed  macroscopic cur- 
rents, obtained by summing several hundred single-channel records (same patch as 
in Fig. 5), current through toxin-modified channels decayed roughly 20 times more 
slowly than control. An explanation of this effect is the prolonged bursting that is a 
prominent feature of toxin-modified channels. 
We measured burst durations  in records such as those in Fig.  5  B,  from which 
traces  containing  overlapping  openings  of multiple  channels  were  systematically 
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FIGURE 6.  Open-time  histo- 
B  grams  in  absence  (A-C)  and 
Toxin,  -20  mV  presence of (B-D)  of TslV-5. 
Same experiment as in Fig. 5. 
Simultaneous  openings  of 
more  than  one  channel  were 
excluded.  Histograms were fit 
to  exponential  distributions 
10  2O  3O  using  a  Marquardt  algorithm 
Open Time, ms  and a maximum likelihood esti- 
o  mator. In A, C, and D, mono- 
Toxin, -50  mV 
exponential  distributions  (r = 
1.12,  2.24,  and  1.78  ms,  re- 
spectively)  accurately  fit  the 
data. In B, a biexponential dis- 
tribution  was  required,  with 
time constants (and weighting 
5  10  15  factors):  1.0  ms (0.4)  and  6.6 
Open Time,  ms 
ms (0.6). 
excluded. The frequency distributions of closed times in normal and toxin-modified 
channels were evaluated at a  test potential of -20  mV, and each of the resulting 
histograms was found to contain two major components consisting of closings with 
mean durations of 0.8 and 25.0 ms, and 0.9 and 56.6 ms, respectively, in toxin and 
control.  We estimated  the  minimum closed  time within  a  burst  to be  3  ms  (Col- 
quhoun and Sakmann, 1985). Bursts defined in this way were assumed to arise from 
the repetitive opening and closing of a single channel. Mean burst duration in toxin- 
modified channels was 30 ms (average number of openings per burst was 4.0) com- 
pared with 2.4 ms (average number of openings per burst was 1.3) in control. The 
20-fold increase in the duration of the decay phase of toxin-modified macroscopic 
current, therefore, is due to the combined effects of increased mean open time and 
burst duration. 
The reconstructed macroscopic traces in Fig.  7 B also show that the rising phase 
of Na current in both the control and toxin-treated patch were superimposable at a 76  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  93 ￿9  1989 
test  potential  of -20  mV.  We examined  the voltage dependence  of this  effect in 
more detail  by constructing cumulative  frequency distributions  of latency-to-first- 
opening (waiting)  time  (Fig.  8).  The shape of such plots should correspond  to the 
time course of channel activation.  Thus, under normal conditions  the initial  rising 
phase of the waiting-time histogram became steeper as the test potential  increased 
from  -50  (Fig.  8  B)  to  -20  mV  (Fig.  8  A),  which  corresponds  to  the  voltage- 
A 
B 
--  Co~rol 
c  o----o 
-6 
I  I  I  ,~0 
-60  -40  -20  0 
Em, mV 
f  _  0.1 10.16 
2O m 
FIGURE 7.  Voltage  depen- 
dence of mean open times (A) 
and  kinetic  features  of recon- 
structed  macroscopic currents 
(B). Mean open times were cal- 
culated as in Fig. 6. A weighted 
average of time  constants  was 
calculated  from  biexponential 
open-time  distributions.  (A) 
Pooled  mean  open  times 
under  control  (open  circles) 
and in the presence of TsIV-5 
(filled  circles,  2 x  10 -6 M) are 
plotted  as  a  function  of test 
potentials.  Error bars  omitted 
where  smaller  than  symbols. 
(B)  Summed  single-channel 
records (same experiment as in 
Fig.  5)  in  presence  and 
absence  of  TsIV-5  at  a  test 
potential  of  -20  mV  are 
scaled to the same peak to il- 
lustrate  toxin-induced changes 
in macroscopic currents. Verti- 
cal calibration in B gives  scale 
factor in  terms  of probability 
of  single-channel  opening. 
Decay  phase  of both  records 
was  accurately  described  by 
biexponential  functions.  Con- 
trol  time  constants  (and 
weighting  factors),  1.35  ms 
(0.85) and 4.8 ms (0.15); toxin 
time constants, 8.23 ms (0.45) 
and 57.5 ms (0.55).  Tempera- 
ture was 10.4~ 
dependent increase in activation rate. At a test potential of -  20 mV (Fig. 8) TslV-5 
had less effect on the shape of the waiting-time histogram. In both toxin and normal 
conditions  the  histograms  could be fit by a  function consisting of the  sum of two 
exponentials  (~] =  0.7 and 0.6, r~ =  6.1  and 9.2, respectively, in toxin and control). 
The differences in the plateau  reflects the ~60% increase in probability of opening 
(Fig.  7 B) of the toxin-modified channel. At a test potential of -  50 mV the cumula- KIRSCH ET AL.  ScorpioB  Toxin Effects on Na Channels  77 
tive waiting time distribution in both control and toxin conditions was biphasic with 
a  fast component with  time  constant  of ~3  ms  (area =  0.6-0.7).  Toxin-modified 
channels,  however, had a  second component that was twice as slow as that of con- 
trol. This means that at -50  mV, modified channels open for the first time very late 
in the test pulse at a  time when normal channels have inactivated, which suggests 
that TsIV-5 also alters the transition from closed to inactivated states. 
The effects of a  scorpion toxins such as Leirus  quinquestriatus  V  on neuronal Na 
channels have been shown previously to be partly relieved by depolarization of the 
holding potential (e-fold decrease/19 mV over the range  -100  to 0  mV; Gonoi et 
al., 1984) or repetitive stimulation at high frequency (e.g., test pulse to + 100 mV at 
2  Hz;  Strichartz  and  Wang,  1986).  Under  our  experimental  conditions,  voltage- 
A  -20  mV 
0.4.  toxin 
~  control 
-~0.2  o 
0.0 
~0.1 
0  50 
Waiting Time, ms 
B  -50  mV 
0.2-  toxin 
control 
0.0 
.Q 
o 
Q_ 
0  40  80  120 
Waiting Time, ms 
1  O0 
FIGURE 8.  Frequency  distribution 
of waiting times in  the absence and 
presence of TsIV-5. Cumulative wait- 
ing  times  were  corrected  for  four 
channels  by  the  method  of  Patlak 
and  Horn (1982).  Same experiment 
as in Fig. 5. Smooth curves are biex- 
ponential  functions with  the follow- 
ing  parameters.  (A)  Control  time 
constants  (and  weighting  factors), 
0.59  ms (0.95)  and  9.23  ms (0.05); 
toxin time constants, 0.65 ms (0.84) 
and 6.14 ms (0.16).  (B) Control time 
constants, 3.01  ms (0.66)  and  16.08 
ms (0.34); toxin time constants, 2.90 
ms (0.64) and 32.48 ms (0.36). 
dependent dissociation did not cause time-dependent changes in the toxin effect. In 
the whole-cell experiments shifting the holding potential  from  -120  to  -80  mV 
(Fig. 2) or repetitive pulsing to + 70 mV at 0.2 Hz (not shown) caused no change in 
the  toxin-induced  prolongation  of the  inactivation  phase.  In  the  single-channel 
experiments pulses were delivered in trains usually consisting of 58 pulses at a pulse 
repetition  rate of 0.6  Hz.  Fig.  9  shows  that  frequency-dependent  effects did not 
occur under this stimulus regime. In this experiment 81 test pulses to -20  mV were 
delivered at 0.6 Hz. The membrane patch had previously equilibrated in 2  x  10 -6 M 
TsIV-5 before pulsing.  Fig. 9  shows a  sequential  trace-by-trace analysis of the pro- 
portion of open time, Po, for N  channels (NPo, ordinate).  High NP  o traces, consist- 
ing of long-lasting bursts of activity, were distributed evenly throughout the record- 
ing period, indicating that no time-dependent change in toxin effect occurred. 
The effects of TslV-5 are not restricted to neuroblastoma Na channels. As shown 78  THE JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  93 ￿9  1989 
in Fig.  10,  toxin application caused a  similar pattern of channel bursting and pro- 
longed open times in other Na channels representing the three major mammalian 
subgroups, namely brain (represented by cortical neurons from neonatal rat, Fig. 10 
A),  skeletal muscle  (C2  myotubes derived from mouse myoblasts, Fig.  10 B),  and 
heart (ventricular myocytes from neonatal rat). Although a quantitative comparison 
of the effects of TsIV-5 on channel subtypes was not attempted, it is clear from Fig. 
10  that  all three  types are sensitive to this  toxin  even though  they are known  to 
differ in their sensitivities to tetrodotoxin and #-conotoxin (Cruz et al.,  1985). 
DISCUSSION 
The  ot  scorpion  toxins  are  believed  to  interact  specifically with  the  inactivation 
mechanism of Na channels. The main conclusion of our study is that TslVo5 exhibits 
the  electrophysiological characteristics  of an a  toxin  and  that  this  class of toxins 
selectively inhibits  inactivation gating at both  the  macroscopic and single-channel 
levels. Thus, the effects of TsIV-5 on Na current in neuroblastoma resemble those 
of Tityustoxin previously reported by Barhanin et al. (1982)  to potentiate veratrid- 
1.0 ￿84 
o 
z~0.5 
oo, 
o  2o 0J 1 1, 
40  60 
Trace  Number 
8O 
FIGURE 9.  Diary analysis of propor- 
tion of open time in sequential traces 
after  equilibration  in  2  x  10 -6  M 
TsIV-5 in  a  previously unsfimulated 
outside-out  patch.  Proportion  of 
open time per 140  ms trace, Po, for 
N channels is plotted on the ordinate 
vs.  trace  number  on  the  abscissa. 
Test pulse,  -20 mV; holding poten- 
tial,  -90  mV.  Temperature  was 
9.9"C. 
ine-stimulated Na influx in rat brain synaptosomes.  In that study Tityustoxin also 
was shown to bind to a different site from Ts-% the latter toxin belonging to the 
class (Vijerberg et al.,  1984; Yatani et al.,  1988).  Under whole.cell recording condi- 
tions, we find that TslV-5 caused a prolongation of the decay phase, an increase in 
peak, and virtually no change in the time-to-peak of macroscopic currents evoked by 
test potentials more positive than -40  mV. Our results appear to be in good agree- 
ment with those of Gonoi and Hille (1987) who have recently described the effects 
of a variety of inactivation modifiers including the a  toxin from Leirus quinquestria- 
tus on macroscopic Na currents in neuroblastoma cells. They argue that because of 
the overlap between the time course of activation and inactivation, any agent that 
inhibits inactivation will cause an increase in peak current and a negative shift of the 
peak  conductance-voltage  curve  along  the  voltage  axis.  The  effects  of  TslV-5 
strongly  corroborate  their  results  and  extend  the  analysis  to  the  single-channel 
level. 
Based primarily on analysis of single-channel currents, TslV-5 appears to modify 
the transition  from open to inactivated channel states.  In contrast, wehave shown 
previously that B toxins such as Ts-% modify gating transitions between closed and 
open states (Yatani et al., 1988). In the following section we develop a kinetic model KIP.SCH s  AL.  &orpion Toxin Effects on Na Channels  79 
consistent with the notion that a  toxins modify single channels by inhibiting transi- 
tions into the inactivated state. 
For simplicity we will deal with the effects of toxin on Po, open time, and bursting. 
Fig.  11  illustrates both the model and the resulting simulated Na currents.  In the 
kinetic scheme we assume that normal channels reside initially in state C~ and upon 
step depolarization to  -20  mV proceed sequentially through two closed states (C~ 
and Ca), a single open state (O4), and finally into a single absorbing inactivated state 
(15). Pathways  from closed  to  inactivated  states  are  provided  to  account  for null 
traces  in which  channels  inactivate without  opening.  To simplify calculation,  for- 
ward rates kl2 and k23 were assumed to be equal; also, the backward rates k~t and ks2 
were set equal. Transitions into the inactivated state were assumed to be irreversible. 
A.  Brain 
B.  Muscle 
C.  Heart  20 ms 
FIGURE 10.  Effects of TslV-5 
on  mammalian  Na  channels 
from brain, muscle, and heart. 
(A)  Cortical  neuron  neonatal 
rat. (B) Myotube from mouse- 
derived skeletal muscle cell line 
C2.  (C)  Ventricular  myocyte 
from  neonatal  rat.  All  data 
were  obtained  under  record- 
ing conditions similar to those 
of Fig. 5, at a test potential of 
-20 mV from holding poten- 
tials of  -  90 (A) and  -  120  (B 
and  C).  Toxin  concentrations 
4  x  10 -7  , 3  x  10 -7 , and4  x 
10 -s M,  respectively, in A, B, 
and C. 
The toxin Po curve was fit by the following procedure. In this model the mean open 
time of normal channels is determined by k45 and k43. The toxin-induced prolonga- 
tion  of mean  open  time  can be  achieved by reducing k4s, then  mean  open  time 
approaches 1/k4s,  which can be calculated from the toxin data. Rate ks4 is obtained 
from 1/mean closed time within toxin-induced bursts. Rate ka~ was calculated from 
the number of closed intervals in the burst (Fenwick et al.,  1983).  The remaining 
rate constants were fit to the toxin Po curve by an iterative procedure. The control 
Po curve was fit by constraining all rates to equal those of the toxin model except k45 
and k35, which were obtained by curve-fitting, with the result that, according to the 
model the toxin completely inhibited  the transition from O4 to Is and reduced ks5 
twofold. As shown in Fig 11  A  the simulated Po curves predict the observed toxin- 80  THE  JOURNAL  OF  GENERAL PHYSIOLOGY  -  VOLUME  93  ￿9  1989 
induced increase in peak currents as well as the markedly prolonged decay phase. 
The simulated single-channel records closely resemble actual records (note the dif- 
ference in time scale between  Figs.  5 and  11),  showing both prolonged open time 
and bursting. The mean open times were 1.7 and 5.0 ms, and mean burst durations 
were 2.2 and 21.9 ms, respectively, in control and toxin-simulated data.  The accu- 
racy of the simulation suggests that at this potential the main effect of the toxin is to 
prevent inactivation from the open state; the path from closed to inactivated states 
remains available and accounts for the slow decay of Po (Figs.  t, 7 B, and 11 A). At 
more negative potentials the toxin has little apparent effect on open time and burst- 
ing since,  according to this  model, k~s  is  the major determinant  of channel open 
.-= 
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FIGURE  1  1.  Model simulation of TslV-5 effect on probability of single-channel  opening (A) 
and single-channel bursting kinetics (B and C). Test potential  -20 mV. In the kinetic model, 
rate  constants  that  could be extracted directly  from single-channel  toxin data were  con- 
strained  and the remaining rates were obtained by fitting the observed Po to the model by an 
iterative  curve-fitting procedure. In fitting the control Po curve, all rate constants were con- 
strained  to equal those obtained in the toxin data, except k45 and k35 which were fit. The rate KIRSCrl ET AL.  Scorpion  Toxin Effects on Na Channels  81 
time,  and  inactivation  proceeding  from  closed  channels  is  only  moderately 
affected. 
Gonoi and Hille (1987) have shown that a simpler model consisting of irreversible 
transitions from closed to open to inactivated states can account for the effects of a 
variety of inactivation modifiers on macroscopic Na currents in neuroblastoma.  In 
this model, as in the Aldrich-Corey-Stevens model (1983),  the transition from open 
to  inactivated  states  is  rapid  and voltage  independent  compared with  transitions 
among closed states and from closed to open states.  Such a model accurately pre- 
dicts that a  toxin-induced decrease in the rate of transit from open to inactivated 
states will result in a  slowing of macroscopic inactivation particularly at more posi- 
tive test potentials, since long waiting times rather than long open times dominate 
the decay phase at test potentials near threshold. The model has the drawback, how- 
ever, of incorrectly predicting that mean open times in toxin-modified channels will 
be uniformly longer at all test potentials.  As shown in Fig.  7, at a  test potential of 
-60  mV the mean open time of toxin-modified channels is the same as in control, 
which suggests that the transition from open to closed is reversible and not signifi- 
candy altered by toxin binding.  A  similar conclusion was reached by Carbone and 
Lux (1986)  from the effects of pronase on single Na currents in dorsal root gan- 
glion neurons. 
Our model, however, is incomplete in several respects since it does not account 
for the observed holding potential dependence of channel availability (Fig.  2) and 
the biphasic open-time histograms (Fig. 6 B). The first effect is similar to, albeit less 
drastic  than,  the channel  "hibernation,"  which  results from other treatments that 
remove fast inactivation (Patlak and Horn,  1982)  and implies that the toxin-modi- 
parameters obtained by the  fitting procedure were used to generate the simulated single- 
channel data (B and C). Rate constants used in simulation (l/s): 
Rate  Control  Toxin 
k]~  4,157  4,157 
ks]  147  147 
k~  3  4,157  4,157 
k3~  147  147 
ks4  1,470  1,470 
k43  220  220 
kas  1,803  1,803 
k25  2,505  2,505 
k55  1,045  404 
k4s  392  0 
Kinetic parameters calculated from simulated (and real) data: 
Parameter  Control 
Mean open time (ms)  1.6 (1.1) 
Mean intraburst closed time (ms)  0.4 (0.9) 
Mean burst duration (ms)  2.2 (2.4) 
Number of openings per burst  1.2 (1.3) 
Toxin 
4.5  (4.5) 
0.4  (0.8) 
21.6  (29.5) 
4.1  (4.0) 82  THE JOURNAL OF GENERAL PHYSIOLOGY ￿9 VOLUME 93.  1989 
fled channel  can  enter long-lived inactivated states  (e.g.,  "ultra-slow"  inactivation; 
Fox,  1976)  more readily than  normal channels.  The second effect implies that the 
toxin-modified channel has more than one open state, each having the same unitary 
conductance  but  differing in  dwell time.  In  neuroblastoma,  Nagy (1987)  has  pre- 
sented compelling eivdence that two open states exist even in normal channels. Our 
open-time  histograms  for  unmodified  channels  can  be  accurately fit  to  a  mono- 
phasic decay, however, a  second open state may be difficult to resolve in the pres- 
ence of multiple channels. TsIV-5, by inhibiting inactivation, may increase the prob- 
ability of observing a  second open state. Quandt  (1987)  has made similar observa- 
tions in  neuroblastoma  treated intracellularly with  papain  to remove  inactivation, 
which suggests that multiple open  states are unmasked by toxin rather than  being 
the direct result of toxin modification of the channel. 
In conclusion, our results provide a  description of ot scorpion toxin action that is 
consistent  with  a  selective,  toxin-induced  modification  of the  inactivation  gating 
mechanism. Together with information concerning the location of the a  toxin-bind- 
ing site within the primary and secondary structures of the Na channel protein, this 
result should provide an  important constraint on  models that explain Na channel 
structure-function relationships. 
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